Abstract Temporally-resolved spectroscopic diagnostics of dielectric barrier discharges (DBDs) in atmospheric-pressure helium was carried out to study the discharge mechanism. Using an intensified charge-coupled device (ICCD) and a grating spectrometer, we obtained the emission spectra of homogeneous discharges and presented them in 3D graphs. We also studied the time variation of typical emissions from He, O and first negative bands of N 
can still keep certain intensities while those from He and O extinguish. Since long-lifetime He metastables are produced and exist in the discharging space, it is the Penning ionization that keeps the long decay of N
Introduction
Dielectric barrier discharge has attracted much attention because of its various industrial applications as it can produce large scale of homogeneous and high energy density low-temperature plasma under atmospheric pressure. So far, it has been widely used in thin-film deposition, ozone production, surface modification of polymers and sterilization of biological samples [1∼6] . Generally, the high-pressure DBD under AC conditions is a filamentary discharge comprising many short, narrow current filaments, randomly distributed in time and space over the dielectric surface [7] . However, in recent years, a transversely uniform, or glowlike regime of discharge, atmospheric-pressure glow discharge (APGD), has been found in several gases [8∼13] . Various diagnostic methods have been exploited by researchers including electrical measurements [14∼16] , Lissajous figures [11] , high speed images [5,17∼18] and emission spectroscopy [19∼21] . Through optical emission spectroscopy (OES), parameters of plasma like gas temperature, electron density and components of plasma can be obtained without disturbing the discharging system.
In helium DBD plasma, Penning ionization plays a significant role in providing electrons. Through time-resolved measurements, it was reported by NER-SISYAN that helium metastables contribute to the production of impurity ions in the postdischarge current phase of a uniform DBD [19] . Besides, MANGOLINI claimed that during the breakdown the direct ionization of helium is the most important ionization process, but at the end of the current pulse and up to the formation of the next breakdown, the Penning ionization of nitrogen is by far the dominant source of electrons [21] . Furthermore, by using one-dimensional fluid model, WANG concluded that the metastables are mainly produced in the active phase of the discharge and keep its relatively high concentration throughout the discharge. And during this process, Penning ionization not only provides the seed electrons for the next discharge but also produces much more He + 2 ions [22] . In this paper, we present the temporally-resolved spectra of helium DBD plasma, and transfer them into 3D graphs to make the evolution more visualized. Then we selected the emissions from N
.4 nm) to investigate their time variations. At the end of paper, we discussed the influence of He metastables and the physicochemical process of discharge.
Experimental setup
The experimental arrangement used in this study is presented schematically in Fig. 1 . The AC power supply operated at a frequency from 3 kHz to 47 kHz and had a variable output voltage from 0 kV to 30 kV. The chamber was first pumped to 20 Pa background air pressure and then filled with helium (99.999%) up to 0.1 MPa. Discharge was generated between two round electrodes with diameter of 60 mm, and the distance between two electrodes was 5 mm in this study. The top electrode was covered by a 10 mm × 10 mm × 1.4 mm quartz plate, while the lower electrode was made of a copper ring and a quartz plate (10 mm × 10 mm ×1.0 mm) with a conductive, transparent coating (indium tin oxide, ITO) on its bottom surface to permit photography of the entire electrode surface. A reflecting mirror was installed at an angle of 45 o to the horizontal plate, so observers could watch the discharge regimes from outside. The discharge emissions were focused by a Nikon lens to the grating spectrometer (Acton, SpectraPro2500i), which had a focal length of 500 mm and a grating of 1200 grooves/mm blazed at 500 nm. The range of the scanning wavelength of the spectrometer was from 330 nm to 950 nm. The spectrometer was then connected to an ICCD camera (Princeton Instruments, PI-MAX2), which had a spectral response of 200∼900 nm. The final resolution was set to 0.172 nm per pixel in this study. A step voltage triggered by the signal of applied voltage was designed, and an adjustable delay was added to allow the camera to take short exposure time spectra consistent with the applied voltage phase. The applied voltage and the discharge current were measured with a resistive divider (Tektronix, P6015A) and a current-monitoring resistor (50 Ω), respectively. And all the electrical signals were recorded by a digital storage oscilloscope (Tektronix, DPO 4104). 
Results and analysis
The frequency of the applied voltage was 11.85 kHz in this study. By adjusting the amplitude, the number of current pulses increases while the discharge regimes were kept in glow regime. The waveforms of discharge current and applied voltage are presented in Fig. 2 . During the positive half cycle, we took spectra from 350 nm to 800 nm each with an exposure time of 500 ns, and then amalgamated them to form 3D graphs, as presented in Fig. 3 . The time ranges during which the spectra were taken are marked in Fig. 2 . From  Fig. 3 , in all three different situations, the emissions of N In this study, the background air pressure was 20 Pa, and a certain amount of air is mixed in the operating gas. From the spectra in Fig. 3 [22] . In low pressure helium, the direct electron collisions are the dominant because of the highly energized electrons. In atmospheric pressure, however, the multi-step process plays an important role in contributing to the emission of He 706.5 nm and cannot be ignored [23] . The emissions of N ), and the former is produced through both Penning ionization [23, 24] :
and the charge transfer reaction:
From Fig. 4(a) , the N + 2 first negative bands exhibit an advance rise behavior than He, which means that a certain amount of N (4) and (5), and a number of He m or He + 2 should be generated in the initial stage of discharge. However, the absence of He 706.5 nm suggests low reaction rates of He transition (3 3 S 1 → 2 3 P 1 ) and multi-step process (reaction (1)). So there is a low concentration of He
and it is the Penning ionization rather than the charge transfer reaction that contributes to the production of N + 2 (B 2 + u ) at the beginning of discharge. As the discharge further develops, both the density and the energy of electrons increase, and the emissions from He and O begin to show up.
The emission at 777.4 nm is related to the transition from O(3 5 P) to O(3 5 S), and the O atoms are mainly produced through either electron-impact dissociation of O 2 [25] : e + O 2 → O + O + e (6) or the Penning ionization with N * 2 [26] :
where N * 2 are excited by electrons. During the decay, compared with N + 2 and O, the emission of He at 706.5 nm declines more rapidly. Similar observations have been reported by several groups [19, 27] . As He(3 3 S 1 ) atoms are linked to either energetic electrons or He [20, 21] , because He m has a relatively long lifetime, during the decline, it is the Penning ionization (reaction (4) ) that keeps the long decay of N + 2 first negative bands. In helium multi-pulse homogeneous discharge, it was found that the discharge transits from a Townsend regime to a glow regime during the first pulse [17] . And it remains in the glow regime during the following discharge stage, even between adjacent pulses, as presented in Fig. 5 . In this study, from Fig. 4(c) , the emissions of 391.4 nm and 427.8 nm from N + 2 keep considerable intensities while those of He and O cannot be detected between the second and the third pulse. So we can conclude that the intensities recorded by the ICCD camera during this period are actually from the emissions of N + 2 . As mentioned above, some of He m can exist in the discharging space even after the extinction of the first pulse, so Penning ionization keeps developing and positive particles and new seed electrons are produced. Therefore, the uniform electric field necessary for Townsend discharge no longer exists, and the subsequent pulses keep fueling the glow discharge from the beginning to the end. 
Conclusion
Temporally resolved spectra and time-varying intensities of emissions in helium dielectric barrier discharges were obtained to study the discharge mechanism. With impurities mixed in the operating gas, Penning ionization plays a significant role and the emissions from the first negative bands of N 
